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In the pancreatic-biliary diversion model, D F M O significantly reduced intestinal spermidine and spermine levcls and the spermidinc/spermine ratio. This was associated with a marked reduction or complete prevention of the adaptive mucosal hyperplasia in both the jejunum and the ileum 1201.
D F M O has also been used t o inhibit intestinal growth in other experimental models. D F M O produced intestinal villous atrophy in the dog and monkey [22] , inhibited the adaptive growth associated with post-starvation refeeding 11-1. 231 and at least partially reversed the intestinal growth induced by plant lectins [ 171.
However. it is important to note that not all increases in intestinal mucosal polyamines during intestinal growth may be due to increased polyamine biosynthesis. In the plant lcctin intestinal hyperplasia model, mucosal polyamines are markedly increased, but O D C activity is only minimally increased. and D F M O exhibited only a minimal antiproliferative effect [ 171. It was subsequently shown that the uptake of polyamines in the enterocytes was increased and there was a preferential uptake of spermine over putrcscine in the crypt I 1x1. These results support a role for the polyamines themselves in inducing intestinal growth.
In addition. the administration of exogenous polyamincs by themselvcs can also induce intestinal growth. T h e luminal infusion o f putrescine stimulated rat intestinal mucosal growth 1231. T h e oral feeding of spermidine and spermine induces the precocious maturation o f the newborn rat intestine. both enzymatically and morphologically [ 25. 261. T h e ahovc results would appear t o support a primary role for the polyrimines in at least some models of intestinal growth.
C'oticliision
There appears t o be extensive evidence t o support the critical role of O D C and the polyamines in intestinal growth. The area o f polyamine research has grown rapidly and this includes the study of polyamines and intestinal growth. New and more potent inhibitors of polyamine biosynthesis. including more potent inhibitors of ODC, and new polyamine analogues, are now available. These new inhibitors may produce a more complete inhibition of O D C and/or a more complete depletion o f tissuc polyamines 171. They may thus allow a better elucidation o f the role o f O D C and polyamines in tissue growth processes. This increased understanding of the biology of intestinal growth will be important for patients with malnutrition, secondary to the malabsorption due to intestinal mucosal disease o r resection. Interest in polyamine acetylation was first aroused in the early 1 Y8Os when Seilcr and co-workers showed that acetylation was an integral step in polyamine interconversion reactions [ 1. 21. Acetylation of polyamincs had been observed prior t o this in bacteria 131 but the significance of these early observations had not been explained.
In mammalian cells there are at least two different Nacetyltransferases which will specifically interact with polyamincs. T h e nuclear enzyme was first isolated by Libby 141. H e isolated two acetyltransferase enzymes which he called enzyme A and enzyme B. Both enzymes acetylatcd histones. specifically histone H3, and the polyamines spcrmidine and spermine [ 51, although histones were preferentially acetylated when both histone and polyamine were present as substrates 141. Recently the cytosolic enzyme, spermidine/ spcrmine N-acetyltransferase (SAT ). has been studied extensively because of its high inducibility by toxic agents [6-XI and the polyamine analogues such as MGBG [Y, 101 Ahhreviations used: SKI. spcrmidine/spermine N-acctyl-and bis(ethy1)analogues of spermidine and spermine I 1 1 I. It has not yet been proved that there is only one isoform of the tr;insferse; MGRG, methylglyoxal bis(guany1hydrazone). inducible cytosolic SAT it may be that, like cytochrome 1'-450, different isozymes are induced by different agents. Pegg el ul. have also reported another cytosolic SAT enzyme, a basal, uninduced activity, whose catalytic properties are similar to those of the induced SAT but which does not cross react with antibodies raised to the induced SAT enzyme [ 121.
As an asymmetric molecule, spermidine can be acetylated on both the aminobutyl moiety ( Nx-acetylspermidine) and the aminopropyl moiety ( N1-acetylspermidine). The SAT enzymes identified to date as well as being compartmentalized within the cell react with spermidine to produce different N-acetyl isomers. The nuclear enzyme produces almost exclusively Nx-acetylspermidine while the cytosolic, inducible enzyme is an N1-acetyltransferase [Y, 101. The nuclear enzyme is not considered to be inducible but recent work in BHK cells has shown that nuclear acetylation of putrescine and spermine was increased by treatment of cells with MGBG [ 131.
The function of acetylpolyamines within the cell is not clear [for review see 141. They carry one less positivc rharge than their non-derivatized parent amine and so acetylation may be a means of releasing polyamines from intracellular binding sites. In terms of drug metabolism, acetylation is a phase I1 conjugation reaction used to alter the polarity of the drug and facilitate its excretion. Acetylpolyamines have been found as major urinary excretion products in man [ 151 and in elevated concentrations in the urine of patients with malignant disease [ 161. In cells in culture N'-acetylspermidine has also been identified as an excretion product [ 171 where it has been suggested that acetylation may be a prerequisite t o excretion [18] [19] [20] .
Less work has been carried out on the SAT activity in cells in culture, although recently dramatic increases in the enzyme activity have been reported in response to treatment of cells with bis( ethyl) analogues of spermidine and spermine Our interest is in the changes in polyamine metabolism which occur in cancer cells. Elevated concentrations o f acetyl derivatives have been found in malignant breast tissue but are absent from normal tissue [21] . Also N'-acetylspermidine has been suggested as a marker of malignancy in colonic carcinoma [ 221. Therefore it would seem that acetylpolyamine metabolism is altered either by the process of malignant transformation or by the maintenance of the malignant state. The aim o f this work was to investigate polyamine acetylation in human cancer cells and to determine the effects of MGBG and the dihydrofolate reductase inhibitor, mcthotrexate, on this reaction. . Cells for determining acetyltransferase activity were harvested mechanically and homogenized in 10 mM-Tris-HCI, pH 7.5 containing 1 mM-EDTA and 2.5 mwdithiothreitol. Acetyltransferase activity was measured in cytosolic extracts prepared by centrifuging homogenates at I00 000 g," for 1 b at 4°C. Acetyltransferase activity was determied by a modification of the method of Matsui & Pegg 1231. Each assay contained (in final concentrations): 3 mwspermidine; 100 mM-Tris-HCI, pH 7.8; 25 p~-[~H ] a c e t y l coenzyme A and up to 0 . 1 mg of protein. The total activity was determined by the amount of [3H] label attached to Whatman P8 1 filter discs. The remainder of the assay products were pooled and frozen until analysed by h.p.1.c. with radiomatic detection for individual N-acetyl-
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spermidine derivatives. The change in protein content was used as a measure of cell growth [24] .
All three cell lines could acetylate spermidine using either homogenates (results not shown) or cytosolic fractions (Table  la) . The activity of the two colonic cancer cell lincs was similar after 48 h in culture while the activity in the HepG2 cells was some 50% higher. The SAT activity in HTI IS and HepG2 cells did not change with time in culture (Table 1 u) . The activity in HT29/210 cells did however increase by about 2-fold. Measurement of total SAT activity gives no information on the isoform of SAT involvcd in the reaction. i.e. "-SAT or "-SAT. Analysis of the reaction products indicates how much of this total SAT activity is N'-SAT and how much is NX-SAT. Untreated HT29/210 cells ( n = 3). The products from the triplicate assays left after determination of total SAT activity were pooled and analysed by h.p.1.c. with radiomatic detection. ( h ) The results are the amounts of the total acetylspermidine formed that is N ' -isomer expressed as a percentage of the total products formed.
SAT activity (pmol acetylspermidine formed/min per mg of contained low levels of "-SAT activity a s measured by the amount of N'-acetylspermidine produced (6-7'%) of the total S A T activity was due t o N1-SAT Table Ih ). HepG2 cells produced about five times more and HTl 15 cells about seven times more N'-acetylspermidine than HT29/2 I 9 cells. The reasons for these differences in the basal levels of NI-SAT activity are not clear. In the case of the HT29/2 19 cells, where 93% o f the basal activity is NX-SAT. we have observed, using electron microscopy, that these cells have very large nuclei occupying some 60-80'X) of the total cell volume and it may be that in these cells cytosolic extracts o f nuclear contamination are difficult to prepare (C. S. Coleman K: tl. M. Wallace. unpublished work). Interestingly. despite the increase in the total SAT activity in HT29/2 19 cells with time in culture the relative amount o f N'-acetylspermidine produced did not change in this or in the other two cell lines ( Table Ih) .
Treatment of the cell cultures with MGBG induced the total cytosolic SAT in two of the cell lines examined but not apparently in the HT20/219 cells (Table 2rr) . T h e extent of induction depended on the cell type, time o f exposure to the drug and the concentration of MGBG used. T h e concentration of MGBG used to treat each cell line was determined by the susceptibility of the particular cell line to the drug.
Ft'r29/2 19 cells as reported previously 1251 were relatively insensitive to MGBG with a 100 ,UM concentration of the drug producing a cytostatic effect. HT1 15 cells were about 10-fold more sensitive and 1 0 ~M -M G B G produced toxic effects after 06 h treatment (Table 3) . tlepG? cells were intermediate in their tolerance t o MGBG and 25 ,UM drug was used. Again, however, analysis of the total SAT activity does not reveal the whole story. Despite there being no increase in total SAT activity in HT29/219 cells after treatment with MGBG there was a marked rise in the amount of NI-acetylspermidine produced in the treated cells; a 4-fold increase at 48 h and a 7-8-fold increase at 90 h ( Table ?h ). Thus MGBG was inducing N1-SAT activity in these cells but the increase was masked by the very high Ns-SAT activity present. Preliminary results indicate that MGBG inhibited N'-SAT activity in HT29/219 cells. T h e amount of NI-acetylspcrmidine formed in the other two cell lincs after treatment with MGBG was also increased confirming the specificity of MGBG as an inducer of NI-SAT.
T h e problem with using MGBG as an inducing agent is that MGBG has many effects on polyamine metabolism and therefore induction of SAT may be a response to any one of these effects as opposed to inhibition of cell growth. It is our hypothesis that any growth-inhibitory agent, regardless of the mechanism, will deplete intracellular polyamines as an early, if not prior, response to the limitation of cell growth. T h e depletion of intracellular polyamines is achieved by a combination o f acetylation, oxidation and excretion. Therefore the growth-inhibitory agent will need to stimulate N ' -SAT activity to facilitate rapid oxidation and excretion.
As a first step towards testing this hypothesis we have examined the effects o f the anticancer drug methotrexate on polyaminc metabolism. Mcthotrexate is an inhibitor of dihydrofolate reductase and is not known to interfere with polyamine metabolism.
HTI 15 cells were used for this work. Spermine was the predominant polyamine in these cells at all times in culture (Table 3) . MGBG depleted intracellular pools of spermidine and spermine and increased putrescine content with 96 h treatment producing a 58% reduction in the total intracellular polyamine pool. This result is consistent with the known mechanism of action o f MGBG. Methotrexate was also very effective in decreasing intracellular polyamines, particularly putrescine which was not detectable after 48 h exposure t o the drug (Table 3) . Methotrcxate treatment for 96 h resulted in a 75% reducton in the total polyaminc pools which was some 20% greater than that achieved with MGBG. Interestingly, methotrexate was less inhibitory t o cell growth; 80% inhibition compared to Y6'%, with MGBG (Table 3) . Treatment with both drugs increased total polyamine excretion with putrescine, spcrmidine and N-acctylspermidine being detected in the extracellular medium 1261. Sperminc was not detected. This indicates that excretion is a specific process and that catabolism of the intracellular polyamincs is required before efflux can occur. Preliminary results on the effect of methotrexate on SAT activity have indicated an early. transient increase in activity (results not shown).
In summary, NI-SAT activity was increased in a variety o f human cancer cells treated with MGBG. T h e rise in activity depended on the cell type, the concentration of the drug used and the time of exposure. Significant changes in intracellular polyamine concentrations were observed and the timing of these two responses appears to be similar. Initial work with a second anticancer drug, methotrexate, provides support for the theory of a causal link between increased N1-SAT activity, and decreased intracellular and increased extracellular polyamine concentrations.
